A new geometry to trap neutral particles with an ac electric field using a simple electrodes structure is described. In this geometry, all electrodes are placed on a single chip plane, while particles are levitated above the chip. This provides an easy construction of the trap and a good optical access to the trap.
Introduction
To investigate the properties of particles such as atoms and molecules, it is desirable to hold them in an isolated environment. For this purpose, various kinds of traps have been developed. Among them, magnetooptical trap (MOT) and magnetic trap (MT) are successfully used for a variety of applications [1] . However they require the particles to have either a closed transition (MOT) or a magnetic moment (MT), which restrict the range of particles to be trapped. Electric trap (i.e. a trap that uses electric field), on the other hand, has the advantage that it can trap almost any kind of neutral particles. It is easily shown that it is impossible to trap neutral particles using a static electric field [2] , and an ac electric trap was proposed to overcome this difficulty. [3, 4, 5] Disadvantage of such electric trap is its shallow trap depth (potential depth for sodium atoms is 190µK for an electric field of 1kV mm −1 ), and one needs to make a small trap to increase the curvature of the potential and hold particles against the gravity. However ac electric traps proposed so far had solid structures and the fabrication of a small trap was rather difficult. For such technical reasons, ac electric traps were not realized until recently. [6, 7, 8, 9] In this paper, we propose a new geometry of an ac electric trap in which all electrodes are placed on a single plane, while particles are trapped above that plane. Such geometry enables one to fabricate the trap structure in mass with high precision, which opens the possibility of making micro-structured atom and molecule chips that benefit from the advantages of long decoherence time [10] , low electric power consumption, and scalability of the electric traps.
Principle of the dynamical trapping
We start from the trap configuration described in [ [5] ], schematically shown in fig. 1 , in which all electrodes sit on a single plane (xy-plane). Two pairs of electrodes are placed on x-and y-axis symmetrically (i.e. at (±s0, 0, 0) and (0, ±s0, 0)). There are two phases in the operation of this trap: In phase A (phase B) a voltage is applied on the pair of electrodes on x-axis (y-axis). The potential that a neutral particle feels under the electric field E(r) is
where α is the polarizability of the particle. α is always positive for atoms or molecules in a stable state. In phase A or B, the potential V (r) has the form
up to 2nd order in r. Here, m is the mass of the particle and ω0 is the angular frequency of oscillation in y-direction in phase A (x-direction in phase B). For spherical electrodes η0 = 2 and ξ0 = 1. [11] By switching between phase A and B alternatively for time TA and TB (usually TA = TB), particles are trapped around the origin (0, 0, 0): They are dynamically captured in xy-plane (similar to the RF ion trap [12] ), whereas the confinement in z-direction is static. Larger ξ0 gives stronger confinement in z-direction, while the stable region for the driving frequency Ω = 2π/T is reduced with increasing η0 (T ≡ TA + TB is the period of the applied voltage).
3 How to lift up the trap point from the chip plane
Particles are trapped at the saddle point of |E(r)| 2 . In order to lift up this trapping point off the xy-plane, we place additional electrodes in between the existing electrodes to bend the field lines and make a saddle point other than the origin ( fig. 2) . We still keep the electrodes configuration symmetric under x ↔ −x, y ↔ −y, x ↔ y. Now (2) becomes
near the new saddle point (0, 0, h). Let φ(r) be the scalar potential. In phase A (and similarily in phase B),
so that ∂xEx| (0,0,z) = ∂y,zEy| (0,0,z) = ∂y,zEz| (0,0,z) = ∂yEx| (0,0,z) = ∂x,zEy| (0,0,z) = ∂yEz| (0,0,z) = 0. And also ∂xEz| (0,0,h) = ∂zEx| (0,0,h) = 0 from ∂z|E| 2 | (0,0,h) = 0 and ∇ × E = 0. From these equalities,
, and thus η − ξ = 1 is still satisfied.
Design procedure: step 1
First, we consider electrodes as point charges and place them on xy-plane as shown in fig. 3 . Four outer point charges placed at sout = (±s0, 0), (0, ±s0) correspond to the four electrodes of the original configuration ( fig.1 ) and we put charges of ±q0 or 0 at appropriate phase. Four inner point charges at s in = (±s, ±s), (±s, ∓s) are added to the original configuration with charges ±q depending on the
In addition to four outer point charges that corresponds to the four electrodes of of the original trap configuration, we place four inner point charges. phase (see figure) . In fig. 4 we plot parameters 
Design procedure: step 2
Now we are going to replace the point charges by electrodes of finite size. For that, first we calculate the equipotential surface of the electric field. Figure 8a is the plot of the normalized scalar potential φnorm(r) ≡ 4πǫ 0 s 0 q 0 φ(r) in the chip plane (z = 0). Equipotential surfaces of φnorm = ±a (a > 0) around the outer point charges at sout are nearly spherical for large a and small q/q0, and can be well imitated by a disc shaped electrodes of radius rout = 2s 0 2a+1 centered at sout. However smaller a gives higher electric field assuming that the voltage applied on the electrodes is fixed. In fig. 8b we choose a = 2.0 (rout = 0.4s0). We apply to these outer electrodes voltage of ±v0 or 0 at appropriate phase:
. Equipotential surfaces of φnorm = 0 around the inner point charges at s in are again nearly spherical for
, and the inner point charges can be replaced by disc shaped electrodes of radius
(rin = 0.11s0 for q = 0.06q0, s = 0.3s0) centered at s in which are always connected to the ground (0 voltage).
Trapping particles under the gravity of the earth
In this section, we give some practical values to trap neutral atoms and dielectric spheres on the earth. We orient z-axis along the gravity direction. We set a condition that the gravitational sag should be smaller than σs0 (with σ ≪ 1): × 67Hz and, using fig. 12 , the trap should be stable for 7.8ms < T < 9.5ms with TA = TB = 
Trapping of polar particles
In the case of polar particles of permanent dipole moment µ, the force under the electric field can be written as, assuming the direction of the dipole moment is always oriented parallel to the electric field (see appendix C),
Thus the force is derived from the potential
Near the trap center rc, E(r) =
, so that the dynamics of the polar particles can be argued in the same way as that of the nonpolar particles by replacing α with µ E(rc)
. We define a dimensionless parameter
A plot of χ is given in fig.9 . For a particle of bulk material of permanent polarization P and density ρ,
is independent of its shape and size. To give practical parameters, we again use the trap design s = 0.3s0, q = 0.06q0, and a = 2.0, and consider trapping of BaTiO3 micro particles (P = 0.26Cm −2 and ρ = 5.5 × 10 3 kg m −3 ). If we set s0 = 3.0mm, then the condition on the gravitational sag with σ = 0.1 requires ω0 ≥ 2π × 32Hz which implies v0 ≥ 5.0V. At v0 = 5.0V, ω = 2π × 27Hz and, from fig. 12 , the trap should be stable for 19ms < T < 23ms.
Conclusions and outlook
We have presented a new design of ac electric trap for neutral particles and have shown that it is possible to make a trapping point above the chip surface with planar electrodes structure. We have also discussed about the feasibility of this design by showing typical parameters for trapping neutral atoms, dielectric spheres, and polar particles. The parameters for this trap were comparable with those demonstrated in [[6] ]. In the final step of the design, we have used disc shaped electrodes to imitate the equipotential surface of the electric field. [14] To analyse its consequence, we are now calculating the electric field using numerical methods. The result is still preliminary, but it has turned out that the field near the trapping point is not so much dependent on the shape of the inner electrodes. Thus, as an application of our trap, a particle conveyor such as shown in fig. 10 should be also possible. 
A Stability
In this section, we investigate the stable condition of the dynamical confinement. The equations of motion are separated in x-, y-, z-directions so that we explore the motion in x-direction only. We follow the procedure described in [ [4] ] and define a state vector X(t) as
where x(t) (v(t)) is the position (velocity) of the particle at time t. Time evolution of X is described by a time evolution matrix U (t): X(t) = U (t)X(0).
with U (0) = I (I is the unit matrix). We assume that the phase A starts at t = 0 ( fig. 11 ) so that U (nT + τ ) = U (τ )U (T ) n with U (T ) = UBUA where UA (UB) is the time evolution matrix for the phase A (B).
with TA = TB = T 2
. Let λ be the eigenvalue of U (T ). 
The trap is stable if and only if |β| ≤ 1. In fig. 12 we plot β as a function of ωT and η (TA = TB = T 2
) to show the stable region.
A.1 Unharmonicity
So far we have not included the unharmonic terms in the potential. In the original Stark chip configuration, the lowest unharmonic term was 4th order because of the z → −z symmetry. In our configuration, due to the absence of this symmetry, 3rd order terms are present. However these terms have the form
and are still harmonic in the plane z = const. (i.e. the plane in which the confinement is dynamical), we expect that the 3rd order terms do not reduce the stable region in phase space drastically.
B Trap tightness
To estimate the tightness of the dynamical confinement, we apply a constant force F0 in x-direction on the particle in the trap and calculate the shift of the trap center (i.e. the time average of the position of the particle). Let W (t) be the state vector at time t with the initial condition W (0) = 0. Then the time evolution of a general state vector is now X(t) = U (t)X(0) + W (t).
To evaluate the time average of X(t), we put t = nT + τ with n = 0, 1, 2, ... and 0 ≤ τ < T , and take the average over n and τ . Because U (T ) n = 0 inside the stable region, we obtain
After a lengthy calculation, (17) yields C Dynamics of the polarization orientation of a polar particle
Consider a polar particle of size L and volume u (u ∼ L 3 ) that consists from a bulk material under the electric field E. Let θ be the angle between the electric field E and the polarization P of the material. Then
where I is the moment of inertia and N is the torque. I ∼ ρL 5 where ρ is density of the material (I = (sphere: ωosc = 7.8 × 10 5 s −1 ).
